We analyzed the role of Fyn tyrosine kinase in CNS myelination by using fyn Ϫ/Ϫ null mutant mice, which express no Fyn protein. We found a severe myelin deficit in forebrain at all ages from 14 d to 1 year. The deficit was maximal at 1 month of age and was similar regardless of mouse strain background or whether it was determined by bulk isolation of myelin or by quantitation of myelin basic protein. To determine the cellular basis of the myelin deficit, we counted oligodendrocytes in tissue sections of mice expressing oligodendrocyte-targeted ␤-galactosidase, and we used light and electron microscopy to examine the number and morphology of myelinated fibers and size of myelinated CNS structures. All of these parameters were reduced in fyn Ϫ/Ϫ mice. Unexpectedly, there were regional differences in the myelin deficit; in contrast to forebrain, fyn Ϫ/Ϫ cervical spinal cord exhibited no reduction in myelin content, number of oligodendrocytes, or number of myelinated fibers, nor was myelination delayed developmentally. We found that oligodendrocytes express Src, but there was no significant reduction of myelin content in null mutants lacking the Fynrelated kinases Src, Yes, or Lyn. Finally, we investigated the molecular features of Fyn that are required for myelination and found that a single amino acid substitution, which abolishes the tyrosine kinase activity of Fyn, resulted in a myelin deficit as great as that observed in the complete absence of Fyn protein.
We analyzed the role of Fyn tyrosine kinase in CNS myelination by using fyn Ϫ/Ϫ null mutant mice, which express no Fyn protein. We found a severe myelin deficit in forebrain at all ages from 14 d to 1 year. The deficit was maximal at 1 month of age and was similar regardless of mouse strain background or whether it was determined by bulk isolation of myelin or by quantitation of myelin basic protein. To determine the cellular basis of the myelin deficit, we counted oligodendrocytes in tissue sections of mice expressing oligodendrocyte-targeted ␤-galactosidase, and we used light and electron microscopy to examine the number and morphology of myelinated fibers and size of myelinated CNS structures. All of these parameters were reduced in fyn Ϫ/Ϫ mice. Unexpectedly, there were regional differences in the myelin deficit; in contrast to forebrain, fyn Ϫ/Ϫ cervical spinal cord exhibited no reduction in myelin content, number of oligodendrocytes, or number of myelinated fibers, nor was myelination delayed developmentally. We found that oligodendrocytes express Src, but there was no significant reduction of myelin content in null mutants lacking the Fynrelated kinases Src, Yes, or Lyn. Finally, we investigated the molecular features of Fyn that are required for myelination and found that a single amino acid substitution, which abolishes the tyrosine kinase activity of Fyn, resulted in a myelin deficit as great as that observed in the complete absence of Fyn protein.
These results demonstrate that Fyn plays a unique role in myelination, one that requires its kinase activity.
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The regulation of myelination by oligodendrocytes in the CNS and Schwann cells in the PNS is poorly understood. We studied the possible role of Fyn, Src, Yes, and Lyn, four nonreceptor protein tyrosine kinases of the Src family, in myelination in the CNS.
Src family kinases have long been implicated in the regulation of cell growth and differentiation, and the family members Src, Fyn, Yes, Lyn, and Lck are expressed in the nervous system (Thomas and Brugge, 1997) . Recent studies indicate that Fyn plays an important role in brain development and physiology; Fyn mutant mice exhibit disrupted hippocampal architecture, abnormal long-term potentiation, impaired spatial learning, and increased fearfulness and sensitivity to ethanol (Grant et al., 1992; Miyakawa et al., 1994 Miyakawa et al., , 1997 . Fyn also plays a role in CNS myelination; mice homozygous for a Fyn-␤-galactosidase (␤-gal) fusion protein are hypomyelinated at 1 month of age (Umemori et al., 1994) . Fyn is found in many brain areas, including glial cells in white matter tracts and in cultured oligodendrocytes, and its activity in brain is highest during the developmental period approximately corresponding to the peak of myelination (Bare et al., 1993; Yagi et al., 1993; Umemori et al., 1994; Osterhout et al., 1999) . Evidence suggests that the cell surface proteins myelinassociated glycoprotein (MAG), F3, and 120 kDa neural cell adhesion molecule (NCAM120) may act as receptors coupled to Fyn (Umemori et al., 1994; Kramer et al., 1999) .
Although Fyn has been shown to be important for C NS myelination, many important questions have not been addressed. Previous studies on Fyn mutants have been restricted to the first 2 months of age, raising the possibility that the hypomyelination only represents a temporary developmental delay. Also, previous studies have used Fyn mutants, which still express a fragment of the Fyn protein, raising the possibility that the fragment may bind to other molecules and disrupt their f unction rather than act as a true null. Furthermore, it is not known whether different C NS regions are equally affected in f yn mutant animals, nor is it known whether the myelin deficit results from a decrease in oligodendrocyte cell number or a reduction in the amount of myelin produced per oligodendrocyte. Finally, the possible role of other Src family kinase members in myelination has not been studied.
In the present study, we analyzed myelination in mice containing null mutations in each of four Src family kinases. In the fyn Ϫ/Ϫ mice, we investigated myelination at multiple time points, both by isolation and quantitation of myelin and by quantitation of the major CNS myelin protein, myelin basic protein (MBP). We used light and electron microscopy to analyze the number and morphology of myelin sheaths in several CNS regions, and we counted oligodendrocytes in several CNS regions to determine whether the hypomyelination in fyn Ϫ/Ϫ mice is the result of decreased oligodendrocyte numbers or a reduction in the amount of myelin produced by each oligodendrocyte. Finally, we investigated whether the tyrosine kinase activity of Fyn is essential for normal myelination.
MATERIALS AND METHODS
Mouse mutants and genot yping. Mice with mutations of fyn , src (Soriano et al., 1991) , or yes (Stein et al., 1994) were bred, and homozygous offspring were used for experiments. lyn Ϫ/Ϫ mice (Chan et al., 1997) were kindly provided by Dr. Ellen Puré (The Wistar Institute, Philadelphia, PA). Homozygous mice in which the wild-type fyn gene was replaced with a kinase-inactive mutant fyn gene (FynK296R) by homologous recombination have been described elsewhere (P. L. Stein, unpublished data) . Homozygous transgenic mice that express Escherichia coli ␤-galactosidase under the control of the mouse myelin basic protein promoter (referred to as Mbp-lacZ mice; A. C. Peterson, unpublished data) were intercrossed with homozygous fyn Ϫ/Ϫ mice to produce fyn Ϫ/Ϫ mice that also express the Mbp-lacZ transgene. Control mice for experiments involving these mutant mice were littermates, which were wild type at the fyn locus ( fyn ϩ/ϩ ) and hemizygous or homozygous for lacZ (expressing ␤-gal). The specificity of ␤-galactosidase expression exclusively within oligodendrocytes was verified by demonstrating the coexpression of ␤-galactosidase with multiple oligodendrocyte-specific markers in C NS tissue sections (A. C. Peterson, unpublished data). Wild-type 129/Sv, C57BL /6J, or wild-type littermates of mutant mice were used as controls, as described in the individual experiments. Genotypes of src Ϫ/Ϫ mice were determined according to methods described previously (Thomas et al., 1995) . fyn Ϫ/Ϫ mutant mice were genotyped using the following primers: Fyn reverse, 5Ј-GCAAAACAACCCACACAGAG-3Ј; Fyn forward, 5Ј-AGCGAAAC TGACAGAGGAGA-3Ј; and Neo2, TGGC TACCCGTGATATTGC T. The wild-type allele produces a 600 bp product, whereas a 450 bp product is indicative of the mutant allele. Mice bearing the Mbp-lacZ transgene were identified by PCRbased genotyping using the following primers coding for a PCRamplification product of ϳ600 bp: Rob-1, 5Ј-GAAAACCCTGGCGTTACCCAACTT-3Ј; and Rob-4, 5Ј-CTGAACTTCAGCCTCCAGTACAGC-3Ј. Mice were housed and all experimental procedures were conducted according to institutional, National Institutes of Health, and Institutional Animal Care and Use Committee guidelines and regulations.
Statistical anal ysis. Statistical analysis of data were performed using Student's t test.
Determination of brain myelin content. Myelin from mouse forebrain was purified and quantitated by sucrose density gradient centrif ugation, essentially as described by Norton and Poduslo (1973) . In brief, mice were killed by C O 2 inhalation, and the forebrain was quickly removed, weighed, and frozen in liquid nitrogen. The forebrain was defined by a coronal cut at the anterior border of the cerebellum. All brain structures rostral to that cut were included for determination of myelin content. For myelin isolation, the frozen brains were homogenized in 0.32 M sucrose and centrif uged on a 0.32:0.85 M discontinuous sucrose gradient at 82,500 ϫ g for 30 min. Myelin was collected from the interface, osmotically shocked in deionized water to release contaminants from within myelin vesicles, and recentrif uged over a second discontinuous sucrose gradient as above. The myelin was again collected from the interface and repeatedly washed with deionized water and pelleted to remove residual sucrose. The myelin was frozen at Ϫ80°C, lyophilized in tared tubes, and weighed.
Western blot anal ysis. Mice were killed by C O 2 inhalation, and the forebrain was removed and homogenized in lysis buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 g /ml PMSF, 57 g /ml aprotinin, 1 mM sodium orthovanadate, and 100 M leupeptin, in PBS). Homogenate was then incubated on ice for 30 min and centrif uged at 10,000 rpm for 10 min at 4°C. Equal amounts of lysate (40 g of protein) were separated by electrophoresis on 12% SDS-PAGE and transferred to poly vinylidene difluoride membranes. After blocking overnight in blocking solution (75 mM NaC l, 3% BSA, and 30 mM Tris, pH 7.6), the membranes were probed with antibodies against MBP (McMorris et al., 1981) , neurofilament light chain (N F-L) (Dr. Virginia Lee, University of Pennsylvania), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Chemicon, Temecula, CA), followed by treatment with 125 Ilabeled protein A (N EN Life Science Products, Boston, M A). The amount of MBP, N F-L, and GAPDH was quantified using a Molecular Dynamics (Eugene, OR) PhosphorImager.
For Western blot analysis of Src, immunopurified oligodendroglial cells (see below) were washed with cold PBS, and protein extracts were prepared in the lysis buffer described above. Equal amounts of lysate (70 g of protein) were separated on 8% SDS-PAGE and transferred as above. After blocking overnight, the filters were probed with a monoclonal antibody against Src (1:500) (Oncogene Sciences, Uniondale, N Y) and then incubated with 15 g /ml rabbit anti-mouse IgG (Rockland Immunochemicals, Gilbertsville, PA). Then membranes were incubated with 125 I-labeled protein A, and bands were visualized using a Molecular Dynamics PhosphorImager.
␤-Galactosidase staining. Mice were deeply anesthetized and transcardially perf used with 0.9% NaC l, followed by fixative (0.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.5). Brains and cervical spinal cords were then removed, f urther dissected to isolate only the desired tissue, and incubated in fixative for 1 hr at 4°C. Tissue blocks were then immersed in 30% sucrose in 0.1 M sodium phosphate buffer, pH 7.5, for 48 hr at 4°C, embedded in OC T freezing medium (Tissue Tek, Miles Inc., Elkhart, I N), and frozen in an acetonedry ice slurry. Cryosections (6-m-thick) were cut and allowed to adhere to glass slides (SuperFrost Plus; Fisher Scientific, Pittsburgh, PA). Sections then were dried for 15 min at 37°C and incubated in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining solution [0.4 mg /ml X-gal (Boehringer Mannheim, Indianapolis, I N), 3 mM potassium ferricyanide, 3 mM potassium ferrocyanide, and 2 mM MgC l 2 , in 0.1 M sodium phosphate buffer, pH 7.5] for 30 min at 37°C, after which they were washed with PBS, mounted under coverslips in aqueous mounting medium, and observed by conventional light microscopy. The crosssectional areas of spinal cord and corpus callosum were determined by capturing a light microscope image of the structure with a digital camera and determining its area in pixels, using Adobe Photoshop (Adobe Systems, San Jose, CA). A microruler was observed and measured by the same procedure to convert area in pixels to square millimeters.
Electron microscopy. Postnatal day 0 (P0), P14, and P28 mice were deeply anesthetized and transcardially perf used with 0.9% NaC l, followed by 3% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.5. Brain, optic nerve, and cervical spinal cord were then removed, trimmed to minimize excess tissue, and incubated overnight in 3% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.5. Tissue blocks were then washed in 0.1 M sodium phosphate buffer and incubated 1.5 hr in 2% osmium tetroxide. Blocks were washed in 0.1 M sodium phosphate buffer, pH 7.5, dehydrated in ethanol, and equilibrated in Epon (44.2% Embed 812, 35.4% dodecenylsuccinic anhydride, 17.7% nadic methyl anhydride, and 2.7% benzyldimethylamine). Sections (0.5-m-thick) for light microscopy were cut using an ultramicrotome and stained with toluidine blue. Thin sections for electron microscopy were cut using an ultramicrotome, stained with 4 mg /ml uranyl acetate in 95% ethanol and 0.4 mg /ml lead citrate, and analyzed using a Z eiss (Oberkochen, Germany) electron microscope. For quantitative analysis of the number of myelinated fibers in the corpus callosum, we counted myelinated fibers and the total number of axons in 10 closely spaced, nonoverlapping fields of 1680 and 340 m 2 , respectively, from sagittal sections in the genu of the corpus callosum.
In vitro preparation of purified mouse oligodendroglial cells. Postnatal day 1 C57BL /6J or fyn Ϫ/Ϫ mouse pups were decapitated, and their forebrains were removed and minced in wash medium (25 mM H EPES, pH 7.3, 100U/ml penicillin, and 100 g /ml streptomycin, in HBSS) containing 14.3 g /ml DNase I. Minced suspension was then digested with 1% trypsin in calcium-free PBS for 70 min in a 37°C incubator with shaking at 250 rpm. The suspension was then centrif uged at 500 rpm (75 ϫ g) for 10 min, resuspended in wash medium containing 14.3 g /ml DNase I, and centrif uged again for 10 min. C ells were then resuspended in OM-5 culture medium (Raible and McMorris, 1990) , which contains 10% serum, sequentially passed through two 70 m pore-sized cell strainers (Falcon Labware, Lincoln Park, NJ), plated in 75 cm 2 tissue culture flasks at 30 ϫ 10 6 cells per flask, and incubated in 10% C O 2 -90% air at 37°C.
Oligodendrocytes and their precursors were purified by immunopanning using monoclonal antibodies against cell surface antigens, essentially as described previously (Barres et al., 1992; Vemuri and McMorris, 1996) . Ran-2, an antibody that recognizes astrocytes (Eisenbarth et al., 1979; Sommer and Schachner, 1981) , was prepared as a tissue culture supernatant from hybridoma cells. Briefly, an enriched population of oligodendrocytes and precursor cells was isolated by differential shake off of 7-d-old mouse glial cell cultures essentially as described by McC arthy and de Vellis (1980). The cell suspension was then incubated for 30 min intervals over a series of three bacteriological Petri dishes (Fisher Sci-entific) coated with Ran-2 monoclonal antibody. During this time, astrocytes (which express the Ran-2 surface antigen) and microglia [which are very adhesive and bind to immunoglobulins via their F(c) receptors] attached to the Ran-2 antibody on the surface, whereas oligodendroglia remained in suspension. A sample of nonadherent cells was incubated for 30 min with 1 M prostaglandin E 1 (PGE 1 ) and 1 M PGE 2 and immunostained with antibody against cAM P to determine whether astrocytes or microglia were still present. Previous work from our laboratory has shown that oligodendroglia do not elevate cAM P in response to this treatment, whereas non-oligodendroglial cells in the cultures (astrocytes and microglia) respond robustly and are intensely immunostained (A. P. Wiemelt and F. A. McMorris, unpublished observations) . No cells (Ͻ1 of 2000) were positive for cAM P immunofluorescence. The remaining nonadherent cells were centrif uged at 500 rpm (75 ϫ g) for 10 min and prepared for Western blot analysis as described above.
RESULTS

Mice that lack Fyn are irreversibly myelin-deficient
As described in detail previously , fyn Ϫ/Ϫ mutant mice were derived by disrupting the normal fyn gene using a targeting construct that deleted exon 2, the first coding exon, which contains the initiator methionine. The resulting fyn Ϫ/Ϫ mice express no detectable Fyn protein . We analyzed myelin content of forebrain in fyn Ϫ/Ϫ and agematched C57BL/6J (B6) control mice at time points ranging from P14 to P385 and found a myelin deficit at all time points analyzed ( Fig. 1 A) . The deficit was most pronounced at postnatal day 26 (52%) and persisted even at ages beyond 1 year. From P55 to P385, the myelin deficit remained relatively constant and was significantly different from controls at all time points, with the exception of P283 (Fig. 1 A) .
The fyn Ϫ/Ϫ mutant mice we used were derived from 129Sv embryonic stem cell chimeras that were crossed to B6 mice to produce hybrid animals, which were then maintained by interbreeding. Thus, the genotype of the mutant mice contained contributions from the B6 and 129/Sv (129) strains but was not inbred or even uniform between littermates, making it problematic to select an appropriate strain for the control animals. For most experiments, we used age-matched inbred B6 mice as controls. Because the myelin content data demonstrated a clear difference between the inbred B6 controls and the non-inbred fyn Ϫ/Ϫ B6,129 mice, and because the SEs at a given age were of a similar magnitude within the control and fyn Ϫ/Ϫ groups, we thought it unlikely that the observed myelin deficit was primarily attributable to strain differences. To address this issue further and determine whether the myelin deficit is indeed the result of differences at the fyn locus, we also quantitated myelin content of fyn Ϫ/Ϫ and fyn ϩ/ϩ mice that were maintained on the inbred 129Sv background . These fyn Ϫ/Ϫ 129 mice were analyzed for myelin content at P26 and compared with inbred 129 control mice of the same age. As shown in Figure 1 E, the fyn Ϫ/Ϫ 129 mice had a 37% deficit in forebrain myelin content at P26 ( p Ͻ 0.005), in agreement with the 52% deficit observed in the fyn Ϫ/Ϫ B6,129 mice at the same age (Fig. 1 E) . Thus, the difference in myelin content observed in fyn Ϫ/Ϫ mice compared with controls is attributable to differences at the fyn locus and not to differences in genetic background.
Myelin content was also assessed in whole homogenates by quantitation of the amount of MBP, a myelin-specific protein that accounts for 30 -35% of the total protein of CNS myelin (Lees and Brown, 1984) . MBP was assayed on Western blots using P28 forebrain or spinal cord homogenate from fyn Ϫ/Ϫ and B6 control mice. Blots were probed with a combination of antibodies against MBP, the neuron-specific protein NF-L and the ubiquitously expressed GAPDH. Brain GAPDH content per milligram of protein was unchanged in fyn Ϫ/Ϫ mouse brain and spinal cord (both, p Ͼ 0.1) when compared with B6 controls (data not shown). When the amount of MBP was normalized to GAPDH, MBP was found to be significantly reduced in fyn Ϫ/Ϫ brain compared with B6 controls ( p Ͻ 0.01) (Fig. 1 B, C) , and the magnitude of the deficit (40%) was comparable with that determined by myelin isolation (52%). A similar deficit was observed when the amount of MBP was normalized to protein loading (data not shown). Therefore, the myelin deficit determined by quantitation of purified myelin cannot be attributed to errors encountered during myelin isolation and purification. Unexpectedly, the amount of NF-L per milligram of protein was reduced by 18.3% in brains of fyn Ϫ/Ϫ mice compared with B6 controls ( p Ͻ 0.01) (Fig. 1 B, C) .
Both methods of quantitation of myelin content revealed a deficit of myelin content in forebrain. In contrast, MBP content in P28 fyn Ϫ/Ϫ mice was not significantly reduced in spinal cord, regardless of whether the data were normalized to GAPDH ( p Ͼ 0.5) (Fig. 1 B, C) or to total protein ( p Ͼ 0.1) (data not shown).
Fyn is unique among Src-family kinases in being essential for myelination
Fyn is one of nine known members of the Src family of protein tyrosine kinases, which are highly similar in amino acid sequence, except in the N-terminal "unique" domain (Brown and Cooper, 1996) . In addition to Fyn, four other Src family members, Src, Yes, Lyn, and Lck, have been shown to be expressed in brain (Thomas and Brugge, 1997) ; Fyn and Lyn are expressed in oligodendrocytes (Kramer et al., 1999; Osterhout et al., 1999) . Therefore, we sought to determine whether Src, Yes, or Lyn are essential for normal myelination. Here we demonstrate, by Western blot analysis of lysates of highly purified cultures of B6 mouse oligodendrocytes, that Src is also expressed in oligodendrocytes (Fig. 1 D) . In these cultures, no astrocytes or microglia could be detected (less than 1 of 2000 cells scored) by the highly sensitive method of cAMP immunofluorescence of PGE 1 /PGE 2 -stimulated cells (see Materials and Methods). The specificity of the Src antibody was demonstrated by the lack of a signal in src Ϫ/Ϫ brain samples (Fig. 1 D) . Analysis of the myelin content of src Ϫ/Ϫ , yes Ϫ/Ϫ , and lyn Ϫ/Ϫ mice at P28 revealed that there is no significant myelin deficit in these mutants (Fig. 1 E) . Therefore, among Src family kinases, Fyn plays a unique role in myelination.
Morphological analysis of myelin in fyn ؊/؊ CNS
To determine whether myelin structure, as well as myelin content, is compromised in fyn Ϫ/Ϫ animals, we analyzed P28 fyn Ϫ/Ϫ mouse myelin profiles in three separate CNS white matter areas: corpus callosum, optic nerve, and spinal cord. To ensure that we were analyzing similar regions in each animal, we focussed our analysis on discrete locations within each structure; in the brain, we analyzed sagittal sections of the genu of the corpus callosum, and in the spinal cord, cross-sections at the level of the cervical enlargement. The optic nerve is sufficiently small and homogeneous so that we analyzed entire cross-sections of its intracranial segment.
In sagittal sections of corpus callosum from P28 fyn Ϫ/Ϫ mice, we observed a widespread reduction in the number of myelin sheaths (Fig. 2) . In 10 closely spaced, nonoverlapping fields from the genu, we observed a 77% reduction in the number of myelin profiles ( p Ͻ 0.0001) (Fig. 2 E) . This reduction was not the result of an overall decrease in the number of axons, because the percent of axons that were myelinated also was markedly reduced, by 89%. Although the number of myelin sheaths was reduced, they had a normal ultrastructure (Fig. 2C) . Moreover, the size distribution of axons appeared to be normal, and myelin sheath thickness appeared appropriate for axonal caliber (Fig. 2) .
Analysis of optic nerve from fyn Ϫ/Ϫ mice revealed a 15% reduction in cross-sectional area relative to controls ( p Ͻ 0.005), consistent with a reduction in myelin content, although no striking reduction in abundance of myelin profiles comparable with that in corpus callosum was apparent (Fig. 3) . However, in morphology, fyn Ϫ/Ϫ mouse myelin profiles were indistinguishable from control (Fig. 3) .
To determine whether there were structural abnormalities in myelin from the spinal cord of f yn Ϫ/Ϫ mice, we analyzed white matter tracts at the level of the cervical enlargement. At P28, we observed no decrease in the abundance of myelin sheaths, and no morphological deficits (Fig. 4 E, F ) . The dorsal, ventral, and lateral f uniculi all appeared normal. Similar results were observed at P14 (Fig. 4C,D) . Although much less myelin was present in both controls and knock-outs at this earlier time point, no morphological abnormalities could be detected. To determine whether there is a delay in the onset of myelination in the absence of Fyn, f yn Ϫ/Ϫ and control, mouse spinal cords were analyzed at P0, the age at which myelin profiles can first be detected in control mouse spinal cord. Myelin profiles were present in f yn Ϫ/Ϫ spinal cord at P0 (Fig. 4 A, B) and appeared indistinguishable from control in both their abundance and morphology. Therefore, the development, onset, and maturation of myelin sheaths in the cervical spinal cord was unaffected in f yn Ϫ/Ϫ mice. 
corpus callosum but not in spinal cord
The deficit in myelin content of fyn Ϫ/Ϫ mice might be the result of a reduction in the number of oligodendrocytes, a reduction in the amount of myelin elaborated by an individual oligodendrocyte, or both. To investigate this issue, we analyzed oligodendrocyte number in selected CNS areas of fyn Ϫ/Ϫ and control mice. To facilitate identification and accurate counting of oligodendrocytes, we used transgenic mice in which expression of bacterial lacZ gene (which encodes ␤-gal) was targeted specifically to oligodendrocytes with a mouse MBP promoter transgene. A nuclear localization signal was placed in-frame with ␤-gal, and as shown in Figure 5 , ␤-gal activity was clearly evident in the nuclei of cells expressing the transgene and was also detected in the soma and to a lesser extent in cellular processes and myelin. Mbp-lacZ transgenic mice were intercrossed with fyn Ϫ/Ϫ mice to produce mice that express ␤-gal in their oligodendrocytes and are null (Ϫ/Ϫ) at the fyn locus. Cryosections of forebrain and spinal cord were stained with X-gal, and the total number of oligodendrocytes was counted in each section.
In coronal sections of forebrain, we observed a significant 29% reduction in the average number of oligodendrocytes per section within a fixed width (0.8 mm at the midline) of the corpus callosum ( p Ͻ 0.005) (Fig. 5E ). In addition, the thickness of the corpus callosum was reduced in all fyn Ϫ/Ϫ mice analyzed (Fig.  5 A, C) , but the number of mice analyzed was insufficient for statistical testing of this parameter. In contrast, in cervical spinal cord, the number of oligodendrocytes was not detectably different between fyn Ϫ/Ϫ and littermate control mice (Fig. 5E ). When expressed either as the number of oligodendrocytes per crosssection of spinal cord or the number of oligodendrocytes per square millimeter, there was no significant difference between fyn Ϫ/Ϫ mice and littermate controls ( p Ͼ 0.2 and p Ͼ 0.4, respectively) (Fig. 5E ).
The myelin deficit in fyn
؊/؊ mice results from the absence of the kinase activity of Fyn Because of the important role of protein phosphorylation in signaling and cellular regulation, studies on the function of Fyn and other protein tyrosine kinases usually focus on their kinase activity. However, there is increasing evidence that many kinases, including Src family kinases, also may have other important functions in cells [e.g., as adapter molecules, via their Src homology 2 (SH2), SH3, or "unique" domains, or by competing with other molecules for binding to putative partners]. To determine whether the tyrosine kinase activity of Fyn is essential for normal myelination, we analyzed myelin content in mice expressing fulllength Fyn containing a point mutation at amino acid 296 (lysine to arginine), which prevents ATP binding, thus abolishing kinase activity. Brains from these Fyn K296R mice were analyzed for myelin content. Relative to B6 control, myelin content in Fyn K296R mouse brain was reduced by 66% ( p Ͻ 0.0005) (Fig. 6) , which is similar to the deficit observed in the complete absence of Fyn protein (Fig. 1) . Therefore, the kinase activity of Fyn is necessary for normal myelination.
DISCUSSION
In the present study, we analyzed myelination in the complete absence of Fyn, using fyn Ϫ/Ϫ mice that make no detectable Fyn protein . We demonstrated that Fyn is unique among Src kinases in that it is necessary for normal forebrain myelination, whereas the closely related molecules Src, Yes, and Lyn are not. We have further demonstrated that the corpus callosum of fyn Ϫ/Ϫ mice has fewer oligodendrocytes and drastically reduced numbers of myelin sheaths, whereas spinal cord has a normal number of oligodendrocytes and is normally myelinated. Finally, we show that Fyn kinase activity is required for normal myelination.
The myelin deficit in fyn ؊/؊ mice varies by CNS region
Using several different approaches, analysis of myelin content, analysis of MBP content, and light and electron microscopy, we demonstrated that the fyn Ϫ/Ϫ forebrain is hypomyelinated. Surprisingly, the myelin in cervical spinal cord appears unaffected. At all ages analyzed, there were no evident abnormalities in myelination of the spinal cord in fyn Ϫ/Ϫ mice, demonstrating that the time of onset and rate of myelination are not affected. Our mice carry an Mbp-lacZ transgene that targets ␤-galactosidase expression to oligodendrocytes, resulting in dark staining of oligodendrocyte nuclei and cell bodies and lighter staining of myelin in the X-gal-stained sections. Darkly stained oligodendrocytes are concentrated in the corpus callosum and surrounding white matter regions (arrows in A and B) . Fewer oligodendrocytes are apparent in fyn Ϫ/Ϫ corpus callosum (cc) at the level of the ventral hippocampal commissure (compare A with B) . Similarly, reduced numbers of oligodendrocytes are evident at the level of the habenula, in which a reduction in corpus callosum thickness is also apparent (compare C with D). Micrographs are representative of sections from three different animals. Scale bar, 100 m. E, The number of oligodendrocytes is reduced in fyn Ϫ/Ϫ corpus callosum but not in spinal cord. Oligodendrocytes were counted in cervical spinal cord and corpus callosum of control and fyn Ϫ/Ϫ mice, which expressed ␤-galactosidase from the Mbp-lacZ transgene. In spinal cord, every oligodendrocyte was counted in 10 nonadjacent 6-m-thick crosssections of the cervical enlargement of the spinal cord. The number of oligodendrocytes in corpus callosum was determined by counting oligodendrocytes in five nonadjacent 6-mthick coronal cross-sections. Counts were made in fyn Ϫ/Ϫ and control sections at corresponding levels along the rostrocaudal axis of the corpus callosum. The cross-sectional areas of spinal cord and corpus callosum were determined by capturing a light microscope image of the structure with a digital camera and determining its area in pixels, using Adobe Photoshop. A microruler was observed and measured by the same procedure to convert area in pixels to square millimeters. There was a significant reduction in the number of oligodendrocytes per square millimeter in fyn Ϫ/Ϫ mouse corpus callosum ( p Ͻ 0.005) but not in spinal cord ( p Ͼ 0.5) (left). Similarly, there was no reduction in the number of fyn Ϫ/Ϫ spinal cord oligodendrocytes when represented as the total number of oligodendrocytes per cross-section ( p Ͼ 0.1) (right). Each bar represents the mean of data from 5 or 10 sections from each of three different animals of each genotype. Error bars represent SEM. observation of normal myelination in spinal cord is in disagreement with a recent report that myelin sheath thickness is dramatically decreased in the spinal cord of mice expressing a different Fyn allele (Umemori et al., 1999) . Because different tracts within the spinal cord are myelinated at different times during development (Schwab and Schnell, 1989) and because the timing of myelination is highly dependent on position along the length of the spinal cord (Schwab and Schnell, 1989) , we made all of our measurements in the ventral funiculus within the cervical enlargement. Because the anatomical location of the measurements was not specified in the previous study (Umemori et al., 1999) , it is unclear whether the differences in myelination were attributable to the effect of the fyn mutation or simply to normal developmental differences. Alternatively, it is possible that the abnormal myelin morphology in the spinal cord from the fyn mutant mouse described by Umemori et al. (1999) represents a more severe phenotype resulting from the expression, in those mice, of a truncated Fyn protein that may have dominant-negative or toxic activity, which would not be present in our fyn Ϫ/Ϫ mice that lack any expression of Fyn protein .
Despite normal myelin content within the spinal cord of fyn
mice, we found a large deficit in forebrain. Analysis of fyn
corpus callosum revealed a 29% reduction in the number of oligodendrocytes and a more extensive, 77%, reduction in the number of myelinated fibers. This discrepancy suggests that the fyn Ϫ/Ϫ oligodendrocytes in the corpus callosum are deficient in their ability to myelinate the appropriate number of axons. This possibility is consistent with the observation that Fyn is important for the development of the extensive network of processes characteristic of mature oligodendrocytes (Osterhout et al., 1999; Sperber and McMorris, 2001 ). Thus, a deficit in process outgrowth could result in a decrease in the number of axons that each oligodendrocyte could successfully myelinate. Three oligodendroglial cell-surface molecules have been identified that may contribute to this oligodendrocyte-autonomous phenotype: MAG (Umemori et al., 1994) , NCAM120, and F3 (Kramer et al., 1999) . In addition, Fyn is required for normal insulin-like growth factor I signaling in oligodendrocytes (Sperber and McMorris, 2001) . It is possible that the absence of Fyn results in deficient signaling through some or all of these adhesion and signaling molecules, thus disrupting normal oligodendrocyte function.
Recently, Biffiger et al. (2000) reported that the optic nerve of fyn Ϫ/Ϫ mice is hypomyelinated, consistent with our observation of a significant decrease in optic nerve cross-sectional area and of forebrain hypomyelination, and also reported that myelin sheaths of fyn Ϫ/Ϫ mice are indistinguishable from control by light and electron microscopy, in agreement with our findings. No apparent reduction in oligodendrocyte number was observed in optic nerve, similar to our observation in spinal cord but very different from our observation in corpus callosum. Additionally, in doublemutant mice ( fyn Ϫ/Ϫ /mag Ϫ/Ϫ ), Biffiger et al. (2000) observed regional differences in phenotype; myelination was unaffected in fasciculus gracilis and cuneatus or ventral funiculus of spinal cord but was reduced in corticospinal tract and optic nerve.
It is not clear, however, why the absence of Fyn from oligodendrocytes would give rise to a dramatic myelin deficiency within some regions of CNS (corpus callosum) and not others (spinal cord). Although the initiation of myelination occurs in the spinal cord at a much earlier time than in the corpus callosum, we found no myelin abnormalities, even at early stages of myelination in spinal cord; therefore, the regional variation cannot be attributed to intrinsic differences in the timing of myelination. Interestingly, mice deficient in platelet-derived growth factor A (PDGF-A) exhibit a different pattern of regional differences: PDGF-A null mice are more severely hypomyelinated in optic nerve and spinal cord than in corpus callosum and cerebral cortex, the reverse of what we observed in our fyn null mice (Fruttiger et al., 1999) .
One possible explanation for the regional differences we observed is that oligodendrocytes in forebrain require Fyn for normal myelination, whereas those in spinal cord do not. In classic morphological studies, Del Rio-Hortega (1928) proposed that there are distinct subpopulations of oligodendroglia, and there are additional findings consistent with this view. Forebrain and spinal cord oligodendrocytes have distinct morphologies in neuron-free cultures, those in forebrain having a greater number of processes (Bjartmar, 1998) . Evidence has been presented for two independent populations of oligodendrocyte precursors, one characterized by expression of PDGF ␣-receptors and the other by expression of mRNA for the myelin protein DM20 (Spassky et al., 1998 (Spassky et al., , 2000 (but see Fruttiger et al., 1999) . If there are separate lineages of oligodendrocytes, they may differ in the growth factors and signaling pathways that regulate their development and function.
However, most evidence indicates that local neuronal factors dictate which and how many axons are myelinated, as well as the amount of myelin they receive. When optic nerve oligodendrocytes, which ordinarily myelinate numerous small axons, are transplanted into spinal cord, they myelinate only a few large axons (Fanarraga et al., 1998) . Additionally, the formation of compact myelin does not occur in the absence of axons (Lubetzki et al., 1993) . Thus, we must consider what role neurons might be playing in the fyn Ϫ/Ϫ mouse myelin phenotype. Because neurons also express relatively high levels of Fyn and because there is an intimate reciprocal regulation between oligodendrocytes and neurons, we cannot rule out the possibility that the lack of Fyn in neurons contributes to the hypomyelinating phenotype, and the regional differences in myelination arise from neuronal influences. Nonetheless, because Fyn is active in oligodendrocytes (Osterhout et al., 1999) and is important for the normal morphological development of oligodendrocytes in the absence of neurons (Osterhout et al., 1999; Sperber and McMorris, 2001) , we believe that the myelin deficit of fyn Ϫ/Ϫ mice results, at least in part, from the absence of Fyn in oligodendrocytes.
The role of Fyn in myelination is unique among the Src family of kinases
Of the nine known Src family kinase members, five family members, Src, Fyn, Yes, Lyn, and Lck, are expressed in brain (Thomas and Brugge, 1997) ; of these, Fyn (Umemori et al., 1994; Osterhout et al., 1999) and Lyn (Osterhout et al., 1999) have been reported to be expressed within oligodendrocytes. A recent study performed in rat was unable to detect Src or Yes in oligodendrocytes (Osterhout et al., 1999 ), but we detected expression of Src in purified mouse oligodendroglial cells. The apparent discrepancy in expression of Src is likely attributable to differences in the methods rather than to species differences. Taking these data together, at least three members of the Src family, Fyn, Lyn, and Src, are expressed in oligodendrocytes. However, we found that, in sharp contrast to the striking myelin deficit when Fyn is absent, there is no detectable deficit in CNS myelination in the absence of Lyn, Src, or Yes.
Fyn kinase activity is required for normal myelination
Fyn and the other Src family members possess protein tyrosine kinase activity that plays a prominent role in their function as signaling molecules. In comparison, many important signal transduction molecules are devoid of kinase or other known enzymatic activity but instead act as adapter proteins; by virtue of SH2, SH3, or other binding motifs, they assemble other proteins into specific functional signaling complexes. Src family kinases, and indeed many other signaling molecules with catalytic activity, also have binding motifs, such as SH2 and SH3 domains, and there is accumulating evidence that they can perform signaling functions independent of their enzymatic activity (Xu and Littman, 1993; Kaplan et al., 1995; Schwartzberg et al., 1997; Katsuta et al., 1998) . In addition to its kinase domain, Fyn has an SH2, an SH3, and a unique domain, all of which are believed to be important for normal Fyn activity. In the case of CNS myelination, however, we have shown that full-length, catalytically inactive Fyn is not sufficient to rescue the fyn Ϫ/Ϫ mouse myelin deficit, indicating that the function of Fyn in myelination requires its kinase activity.
